Cell polarity is essential for various cellular functions during both proliferative and 25 developmental stages and it displays dynamic alterations in response to intracellular and 26 extracellular cues. However, the molecular mechanisms underlying spatiotemporal 27 control of polarity transition are poorly understood. Here we show that fission yeast 28 Cki3 (casein kinase 1γ homolog) is a critical regulator to ensure persistent monopolar 29 growth during S phase. Unlike wild type, cki3 mutant cells undergo bipolar growth 30 when S phase is blocked, a condition known to delay transition from monopolar to 31 bipolar growth (termed NETO; New End Take Off). Consistent with this role, Cki3 32 kinase activity is substantially increased and cells lose their viability in the absence of 33
Standard media and methods for S. pombe were used (21, 22). Fission yeast strains used 115
in this study are listed (see Table S1 in the supplemental material). Gene deletion and 116 tagging were carried out with the PCR-based method using homologous recombination 117 at the corresponding genomic loci (22). Site-directed mutagenesis was performed with a 118
PrimeSTAR Mutagenesis Basal Kit (Takara). The mutated cki3 gene, including its own 119 promoter and terminator sequences, was subcloned into the integrating plasmid pJK148 120 having the leu1 + gene, and the resulting plasmid was linearized by digesting with NdeI 121 within the leu1 + gene, and integrated into the leu1-32 locus. C-terminal tagging for 122
, mutated forward primers were used 123
(CTAAGCCTGCGCCCTCGAAAGAGAAATCACGAAAGAAGTTCCATCTTCGCT 124
TACTGTCTTCCTCCATATCGAAACAAGAAcggatccccgggttaattaa, 125 7 localization, cells grown at 27ºC were transferred to 36ºC for 3 h, subsequently 139 mounted on a 2% agar pad, left at 36ºC for another 30 min, and then observed under the 140 microscope at 36ºC. Cells were imaged in 15 Z sections of 0.3-μm thickness each. The 141 images were captured and processed by iterative constrained deconvolution using 142
SoftWoRx (Applied Precision). 143

Screening for bipolar mutants under conditions of DNA replication arrest 144
A panel of kinase-deleted mutants (23) was crossed with pol1-1546, and each double 145 mutant was constructed. Growth patterns of single deletion mutants was previously 146 reported (24). Individual strains were then grown at 25ºC until early log phase and 147 shifted to 36ºC. After a 4-h incubation at the restrictive temperature, cells were fixed 148 with formaldehyde and then stained with calcofluor, after which the percentages ofKikai) for 20 min, and the cell lysates were then cleared by centrifugation at 7,000 162 r.p.m. (4,400 g) for 2 min. Protein concentrations were determined by using the 163 Bradford protein assay system (Bio-Rad). These lysates (2 mg of protein) were 164 pretreated with magnetizable beads conjugated to protein G (Dynabeads, DYNAL) by 165 incubation at 4ºC with rotation for 60 min. The pretreated lysates were then separated 166 from the beads and incubated with fresh protein G and a monoclonal anti-GFP or anti-167 FLAG antibody (1:200 dilution) at 4ºC for 2 h. The beads were then washed in POM 168 buffer, and cell extracts or immunocomplexes bound to them were separated by SDS-169 PAGE and analyzed by immunoblotting. For the detection of phosphorylated proteins, 170 phosphate-affinity SDS-PAGE was carried out by using Phos-tag Acrylamide (NARD 171 Institute). The λ-phosphatase (NEB) was used for phosphatase treatment. Cell extracts 172
were incubated at 30ºC for 1 h in the presence or absence of λ-phosphatase (400 units).
Triton X-100) and once in kinase buffer (50 mM Tris-HCl at pH7.4, containing 150 185 mM NaCl, 10 mM MgCl 2 , and 1 mM MnCl 2 ). Precipitants (20 μl) were then incubated 186 with 15 μl of kinase reaction buffer (kinase buffer plus 1 mM dithiothreitol, 5 μCi of [γ-187 material). Therefore, we selected Cki3 for further analysis. Cki3 belongs to the casein 209 kinase superfamily (13, 14, 25) and, in particular, is a member of CK1γ family. The 210 fission yeast genome contains two other CK1γ members Cki1 and Cki2 (25). In order to 211 examine the functional redundancy between Cki1 and Cki3. The pol1cki1∆cki3∆ triple 212 mutant was constructed; however these cells displayed the multi-septated phenotype at 213 both 25ºC and 36ºC (see Fig. S1C in the supplemental material). Regarding Cki2, this 214 subtype as well as its budding yeast homolog, Yck3, is localized to the vacuole 215 membrane and is likely to play a role distinct from Cki1-Cki3 and Yck1-Yck2 (26, 27). 216
Hence thereafter we focused our investigation on Cki3. 217
To assess growth polarity more precisely, we exploited the CRIB-GFP 218 (Cdc42/Rac interactive binding) reporter, which selectively interacts with GTP-bound 219 active Cdc42 and therefore marks growing tips (28). Consistent with previous results 220 (11), CRIB-GFP was localized to the only one cell tip in the pol1 mutant at the 221 restrictive temperature (Fig. 1A) . In contrast, pol1cki3∆ double mutant cells exhibited 222 mostly bipolar CRIB localization under the same condition (Fig. 1A) . Interestingly, the 223 bipolar growth phenotype of the pol1cki3∆ mutant was eliminated when genes coding 224 for polarity factors such as Tea1 and Tea4 (10, 48) were deleted (see Fig. S2 in the 225 supplemental material); either of these deletions is known to undergo monopolar growth 226 under unperturbed conditions. Furthermore, the cki3 deletion also could not induce 227 bipolar growth in these mutants even at the permissive temperature. This indicates that 228 in the absence of Cki3, Tea1 and Tea4 are required for bipolar growth not only upon an 229 S-phase block but also during the cell cycle. 230
Consistent with the role of Cki3 under a DNA replication block, in vitro protein 231 kinase assay using casein as a substrate showed that Cki3 kinase activity wassubstantially increased in the pol1 mutant incubated at 36ºC (Fig. 1B) . Together, these 233 results suggest that Cki3 acts as a critical regulator for growth polarity, thereby delaying 234 NETO in the pol1 mutant. 235
Cki3 acts downstream of Cds1 and calcineurin 236
We previously showed that DNA replication checkpoint kinase Cds1 delays NETO 237 onset when overproduced during G2 independent of an S phase block, in which 238 calcineurin acts downstream of Cds1 (11). To examine whether Cki3 overproduction 239 would also inhibit NETO, we overexpressed the cki3 + gene under the thiamine-240 repressible nmt1 promoter (29) on episomal plasmids and used them to transform wild 241 type cells. As shown in Fig. 2A, cki3 + overexpression induced accumulation of 242 monopolar cells like cds1 + . Interestingly, the increase in monopolar patterns was still 243 observed in the absence of Cds1, calcineurin (Ppb1) or Tip1, which acts downstream of 244
calcineurin (11). 245
On the other hand, growth patterns of the cki3 deletion mutant were insensitive 246 to overexpression of Cds1 or a C-terminally-truncated constitutively active form of 247 calcineurin (Ppb1∆C) (11) ( Fig. 2A) , indicating that these two proteins were upstream 248 elements of Cki3. Consistently, the percentage of bipolar growth was not further 249 increased in the triple pol1cds1∆cki3∆ mutant compared to each double mutant, 250 pol1cds1∆ or pol1cki3∆ (Fig. 2B) . Interestingly, cki3∆ cells were hypersensitive to HU 251 like ppb1∆, and in line with a linear relationship between these two proteins, the double 252 mutant displayed no additive phenotypes in terms of HU sensitivity (Fig. 2C) . 253
Collectively, our data suggest that Cki3 acts downstream of Cds1 and calcineurin. 
Downloaded from
What is the biological significance for NETO inhibition while DNA replication is being 257 halted? We found that pol1cki3∆ double mutants could not form colonies at the semi-258 restrictive temperature (34ºC), while single pol1 mutant cells could (Fig. 3A) . In 259 contrast, pol1ppb1∆ double mutants showed even a stronger impact, which was not 260 exaggerated in the pol1cki3∆ppb1∆ triple mutant (Fig. 3A) . This result is consistent 261 with the data for HU hypersensitivity presented earlier (see Fig. 2C ), further 262 substantiating the proposition that Cki3 acts downstream of Ppb1. 263
We then examined further the functional hierarchy between Cki3 and Tip1. The 264 tip1 mutant allele (pol1tip1 I87AI137A ), which fails to interact with calcineurin and as a 265 result triggers NETO (11), lowered the restrictive temperature of the pol1 mutant like 266 pol1cki3∆ (Fig. 3A) . Deletion of Cki3 in this strain (pol1cki3∆tip1 I87AI137A ) apparently 267 behaved similarly to each double mutant, pol1tip1 I87AI137A or pol1cki3∆ (Fig. 3A) . Taking these results together, we envision that Cki3 and Tip1 acted in a parallel manner 275 downstream of the Cds1-calcineurin pathway, though as-yet-unknown functional 276 interactions between these two proteins may operate (Fig. 3C ). In summary, Cki3 is 277 essential for maintaining monopolar growth when DNA replication is blocked and also 278 important for keeping cells alive under this condition. 279
Autophosphorylation of Cki3 at its C-terminal region is inhibitory 280
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Previous reports indicated that CK1γ is autophosphorylated, which phosphorylation 281 negatively regulates CK1γ activity (31). Accordingly, we next addressed whether Cki3 282 would also be regulated by autophosphorylation. By implementing a high-sensitivity 283 phosphorylation detection system (Phos-tag) (32), we showed that Cki3 was a highly 284 phosphorylated protein with multiple slower migrating bands, which mostly 285 disappeared upon treatment with λ-phosphatase (λ-PPase) (Fig. 4A ). In line with the 286 notion of autophosphorylation, the slow-migrating phosphorylated bands were 287 abolished in cells containing kinase-dead Cki3 K44R (Fig. 4B) . 288
Genome-wide phosphoproteome analysis has indicated that S418 close to the C-289 terminus of Cki3 is phosphorylated in vivo (33). Intriguingly, this serine lies in the 290 consensus phosphorylation sequence catalyzed by CK1, pS/T x 1-3 S/T, in which the first 291
S/T is phosphorylated by another priming kinase (418SKEKS422) (13). In addition, 292
there is a second consensus phosphorylation site in this region (405TQVDT409, Fig.  293 4C). Therefore, we mutated these four residues to alanines (non-phosphorylatable) or 294 (Fig. 4D) , suggesting the existence of critical substrates for 306 regulating growth polarity other than autophosphorylation. These results establish that 307
Cki3 is indeed negatively regulated by its autophosphorylation at the C-terminus. 308
Calcieuirin is required for dephosphorylation of Cki3 309
We then addressed how Cki3 is regulated by its upstream factor calcineurin. First, we 310 examined the physical interaction between Cki3 and Ppb1. We found that these two 311 proteins co-immunoprecipiated and this interaction was not enhanced in the pol1 mutant 312 incubated at 36ºC ( Fig. 5A and see Fig. S3A , B in the supplemental material). Next, we 313 examined Cki3 mobility by using the Phos-tag system and deletion mutants of the 314 catalytic or regulatory subunit of calcineurin (Ppb1 and Cnb1 respectively) (34, 35). In 315 either mutant, we observed an increased density of phosphorylated bands (Fig. 5B) .stages (Fig. 6A) . It is known that plasma membrane localization of CK1γ is regulated 329 by S-palmitoylation (14, 20) . (Fig. 6B) . We checked the localization of Cki3-GFP in 334 each deletion mutant except for that of Swf1, which is essential for cell viability (Fig.  335   6B ). This analysis clearly showed that Erf2 was responsible for Cki3 plasma membrane 336 localization; in erf2∆ cells, Cki3 was dispersed across the cytoplasm (Fig. 6C) . Erf2 337 requires co-activator Erf4 for its full function (38, 39), and indeed Cki3-GFP was also 338 delocalized from the plasma membrane in the erf4∆ mutant (D.H. and T.K., 339 unpublished observation). Cki3 localization was not distinctively altered under Cds1 340 overproduction (Fig. S4 in the supplemental material) , suggesting that factors other than 341 the cellular localization potentiate Cki3 kinase activity when the DNA replication 342 becomes activated (see Fig. 1B ). Collectively, these results have established that Erf2 343 together with Erf4 is a palmitoyltransferase responsible for Cki3 localization to the 344 plasma membrane.compared with that of kinase-dead Cki3 (Cki3 K44R ) residual activity was still retained 353 (14% vs 4%, Fig. 7C ). The kinase activity of Cki3 was not required for its membrane 354 localization, as the kinase-dead Cki3 mutant (Cki3 K44R ) was capable of being localized 355 to the plasma membrane (Fig. 7B, C) . (Fig. 7D ). In addition, the percentage of 360 monopolar cells in the absence of Erf2 was substantially reduced. These data indicate 361 the C-terminal palmitoylation is required not only for membrane localization but also 362 for in vivo kinase activity of Cki3, which plays an inhibitory role in the execution of 363 NETO under the DNA replication block. 364
365
Discussion 366
How cell polarity changes in response to intracellular and/or extracellular cues is one of 367 the critical questions in a variety of biological systems. In this study, we show that 368 Cki3, the fission yeast homolog of CK1γ, plays a crucial role in delaying the growth 369 polarity transition when DNA replication is blocked (Fig. 1) . It was previously shown 370 that calcineurin (Ppb1) acts directly downstream of Cds1 for NETO delay. This 371 phosphatase dephosphorylates Tip1/CLIP170, thereby restraining NETO via 372 modulating microtubule dynamics (11). We show that Tip1 and Cki3 act in a parallel, 373 rather than in a linear manner downstream of Cds1 and calcineurin (Figs. 2 and 3 ). Cki3 374 is autophosphorylated and dephosphorylated via calcineurin, leading to Cki3 activation 375 (Figs. 4 and 5) . We have also shown that Cki3 is localized to the plasma membrane, 376 on July 7, 2017 by guest http://mcb.asm.org/ Downloaded from which localization was mediated by the Erf2-Erf4 palmitoyltransferase complex (Fig.  377   6 ). Membrane localization of Cki3 is essential for its kinase activity and NETO delay; 378 however Cki3 kinase activity is not required for membrane localization (Fig. 7) . 379
Therefore, it appears that the Cds1-calcineurin pathway bifurcates, forming two 380 branches, i.e. the Tip1-microtubule branch and Cki3-membrane branch (depicted in Fig.  381 
8). 382
Plasma membrane localization of Cki3 and asymmetric monopolar growth 383
While Cki3 ensures asymmetrical growth patterns under a DNA replication block, it 384 becomes localized symmetrically to both cell tips in addition to the cell cortex. One 385 possibility to account for this apparent paradox is that Cki3 may be activated in an 386 asymmetric manner; activation and inactivation occur only at the non-growing and 387 (41, 42) and global proteomic analyses suggest that a plethora of proteins are 401 palmitoylated in vivo (40, 43, 44). In budding and fission yeasts, the Erf2-Erf4 complex 402 catalyzes modification of Ras and Rho family proteins (38, 39, 42, 43, 45, 46) . 403
Interestingly, however, in budding yeast, it is the Akr1 palmitoyltransferase, not Erf2-404
Erf4, that is responsible for Yck2 palmitoylation (17, 43). It is worth noting that only 405
Yck2 contains double cysteines at its extreme C-terminus, whereas other CK1γ 406 members including fission yeast Cki3 contain amino acid extensions rich in basic amino 407 acids after the double cysteines (see Fig. 7A ). These diversifications may contribute to 408 the substrate specificity of Erf2-Erf4 and Akr1. 409
We have shown that palmitoylation-deficient Cki3 (Cki3 SS ) not only becomes 410 delocalized from the plasma membrane but also loses its kinase activity (Fig. 7C) . A 411 similar phenotype was also reported for the analogous Yck2 mutant (19, 20) . This 412 implies that palmitoylation of Cki3 comprises a regulatory mechanism by which 413 cytoplasmic Cki3 remains inactive. We surmise that the palmitoyl moiety is somehow 414 involved in structural hindrance of the C-terminal autophosphorylation, which is 415 reversed by calcineurin-mediated dephosphorylation, thus leading to Cki3 activation. 
